Abstract-Power generation characteristics of two generator systems consisting of a permanent magnet synchronous generator and diode bridge rectifiers are discussed in this paper. One of the discussed systems has three-phase stator windings, and the other has two sets of three-phase (sixphase) stator windings to reduce pulsation in the electromagnetic torque and DC current. Experimental results reveal that the power generation efficiency of the system having six-phase stator windings is higher than that of the system having three-phase stator windings for a light load. The maximum power generation efficiency of the system having six-phase stator windings is almost the same as that of the system having three-phase stator windings.
I. INTRODUCTION
Wound-rotor induction generators are often used in large-scale generator systems that utilize renewable energy such as wind power. In such systems, the cost of power converters connected to the rotor is low because the power rating of power converters is less than onethird of the generated power. However, it is necessary to replace the brushes and slip rings of the rotor periodically.
In recent years, permanent magnet synchronous generators (PMSGs) have been used in large-scale generator systems owing to the development of permanent magnet materials. Compared to wound-rotor induction generators, PMSGs provide high power generation efficiency because losses in the rotor are small. There are no brushes and slip rings, so that it is not necessary to replace them at all. However, the power converters are very expensive because their power rating is the same as the generated power.
To use an inexpensive power converter instead of an expensive pulse-width modulation (PWM) rectifier, the conventional generator system using a three-phase PMSG and a three-phase diode bridge rectifier shown in Fig. 1 have been proposed [1] . From the results of computer simulation, we found that the fifth and seventh harmonic stator currents produced large pulsation of the DC current and electromagnetic torque [2] [3] .
We proposed a novel generator system consisting of a six-phase PMSG and two three-phase diode bridge rectifiers [4] . This system, depicted in Fig. 2 , has two sets of three-phase stator windings spatially shifted by 30 electrical degrees so that the harmonic magnetomotive forces (MMFs) are reduced. Through computer simulation, we confirmed that pulsation of the electromagnetic torque produced by harmonic stator currents was very small [2] [3] .
However, we have not yet presented or discussed the generation characteristics of the two generator systems. In this paper, we present and discuss the generation characteristics through simulation and experiments using 2.2 (kW) PMSGs.
II. TWO GENERATOR SYSTEMS

A. Conventional generator system
The conventional generator system shown in Fig. 1 consists of a three-phase PMSG, three-phase diode bridge rectifier, boost chopper, three-phase PWM inverter, and three-phase transformer [1] .
The three-phase diode bridge rectifier converts generated AC power, whose frequency depends on the rotational speed of the generator, into DC power with no control by semiconductor devices. However, the DC current (I d ) and electromagnetic torque pulsate because the three-phase diode bridge rectifier produces harmonic stator currents, such as fifth and seventh harmonics, whose components are 6m ± 1 (where m is an integer).
The boost chopper consisting of an inductor (L), semiconductor device (SW), and diode (D) controls generation power and boosts the output voltage (V d ) to the input voltage of the three-phase PWM inverter by adjusting a duty ratio. The three-phase PWM inverter converts DC power into three-phase AC power and sends it to power systems through a three-phase transformer. Pulsation of the DC current and electromagnetic torque is produced by harmonic stator currents in the conventional generator system. This demands large smooth inductance and implies that torsional torque may arise in mechanical coupling. We proposed the novel generator system shown in Fig. 2 to solve those problems [4] .
1) Configuration:
The configuration of the proposed generator system is the same as that of the conventional generator system except for the stator windings and the number of three-phase diode bridge rectifiers. As shown in Fig. 3 , there are two sets of three-phase stator windings spatially shifted by 30 electrical degrees. The neutral points of stators1 (a 1 , b 1 , c 1 ) and stator2 (a 2 , b 2 , c 2 ) are isolated.
The two diode bridge rectifiers (DB1, DB2) are connected in series rather than in parallel because the parallel connection requires interphase reactors to produce balanced currents. In the series connection, no interphase reactors are needed and it is easy to achieve a higher DC voltage.
2) Method for reducing pulsation of the electromagnetic torque:
The two three-phase diode bridge rectifiers are connected to two sets of three-phase stator windings so that stator currents become a rectangular waveform if the overlap of currents is ignored. Fig. 4 shows stator current waveforms for the DC current under an ideal condition; i.e., there is no overlap. Applying the Fourier series expansion to the a-phase current waveform of 
Similarly, the line current waveform of stator2 (i a2b2 ) can be expressed as
By adding (1) and (2), the resultant current of a-phase (I a ) can be expressed as
For the conventional generator system, the MMF contributing to a rotating magnetic field is produced by the current expressed as (1) . On the other hand, the current expressed as (3) produces the MMF of the proposed generator system. From comparison of (1) with (3), it is found that the 11th and 13th harmonic MMF components of the proposed generator system are dominant, while the 5th and 7th components are dominant in the conventional generator system. Consequently, the proposed generator system can reduce pulsation of the electromagnetic toque. Note that the number of turns per phase in the proposed generator system is half that in the conventional generator system to ensure the same MMF.
3) Method for reducing pulsation of the DC current: Pulsation of the DC current occurs during the rectification of the three-phase diode bridge rectifiers. It is assumed that the waveform of induced electromotive force (EMF) is sinusoidal. As shown in Fig. 5 (a) , the obtained waveform of DC voltage for the conventional generator system contains pulsation. Owing to six commutations of diodes during one cycle, the frequency of pulsation is 6f (where f is the frequency of the induced EMF). If a resistor is connected to the output terminal of the diode bridge rectifier, the waveform of DC current has the same shape as the DC voltage.
For the proposed generator system, two three-phase induced EMFs are produced. The phase difference between the EMFs of stators1 (v a1 , v b1 , v c1 ) and stator2 (v a2 , v b2 , v c2 ) is 30 electrical degrees. The two induced EMFs produce two out put DC voltages (V d1 , V d2 ) with pulsation frequency of 6f ; thus, the pulsation frequency of the resultant DC voltage (V d1 + V d2 ) is 12f . The amplitude of the resultant DC voltage is twice that of the conventional generator system, and the width of pulsation is very small.
III. SIMULATION AND EXPERIMENTAL RESULTS
Simulation and experiments were performed for two 2.2 (kW) PMSGs to obtain characteristics of the two generator systems.
A. Conditions
The power converter consisting of a boost chopper, three-phase PWM inverter, and three-phase transformer shown in Figs. 1 and 2 is connected to three-phase diode bridge rectifiers, but a variable resistor is connected to the output terminal of those rectifiers. Without controlling the DC current with the boost chopper, an obvious difference in pulsation of the DC current can be obtained.
Parameters of the three-phase and six-phase PMSGs are listed in Table I . The three-phase PMSG is a commercially used permanent magnet synchronous motor manufactured by Fuji Electric. In the six-phase PMSG, the rotor is of identical type to that of the three-phase PMSG. The two three-phase stator windings are rewound with half the number of turns per phase in the three-phase PMSG.
B. Waveforms 1) Stator and DC currents:
Figs. 6 and 7 show simulation and experimental results of the conventional and proposed generator systems, respectively.
The simulation results for two generator systems agree well with experimental results. The stator currents of the conventional generator system are trapezoidal waveforms with pulsation because of the large inductance of the stator windings and the three-phase diode bridge rectifier. The large inductance results in overlap of the stator currents. Fig. 6 shows that as stator currents increase, the term of overlap lengthens and that of the zero current shortens. As shown in Fig. 5 (a) , the DC voltage (or current) waveform has a pulsation frequency of 6f . Since the generator speed is 1800 (min −1 ) and the number of poles is 6, the frequency of induced EMF is 90 (Hz). Thus, the pulsation frequency of DC current is 540 (Hz). The width of pulsation is around 1.5 (A) at 900 (W) of output DC power.
In the proposed generator system, the waveform of stator currents is similar to that in the conventional generator system. Since the inductance of stator windings is about one-fifth of that for the three-phase PMSG, the stator currents have a gradient higher than that for the conventional generator system shown in Fig. 7 . In addition, the term of the zero stator current is long. As a result, the term of overlap of stator currents is shorter than that of the conventional generator system. Fig. 5 (b) shows that the DC voltage (or current) has a pulsation frequency of 12f . It is confirmed from Fig. 7 that the DC current has pulsation frequency of 1080 (Hz) at a generator speed of 1800 (min −1 ). The width of pulsation is around 0.35 (A) at 900 (W) of output DC power. The width is about one-fifth of that for the conventional generator system.
2) Electromagnetic torque: Electromagnetic torque waveforms obtained from simulation results at 900 (W) of output DC power and generator speed of 1800 (min −1 ) are shown in Fig. 8 . For the conventional generator system, the electromagnetic torque is produced by the stator current of a-phase (i a1 ) expressed by (1) . The sixth harmonic component of the stator current is dominant with respect to the fundamental component, and thus, the torque has a pulsation frequency of 6f . The width of pulsation is around 0.97 (Nm).
On the other hand, the stator current producing torque in the proposed generator system is expressed by (3); thus, the 12th harmonic component is dominant and the pulsation frequency is twice that of the conventional generator system. Therefore, the width of pulsation is considerably less than that of the conventional generator system. In fact, the width of pulsation shown in Fig. 8  (b) is around 0.21 (Nm). The stress on the mechanical coupling due to pulsation of the electromagnetic torque is very low. Fig. 9 shows the power generation efficiency of the two generator systems at generator speeds of 1700, 1800, and 1900 (min −1 ). The efficiency is calculated by dividing the output DC power (V d I d ) by the input power of the DC motor. Thus, the efficiency includes copper losses, iron losses, mechanical losses, and conduction losses of semiconductor devices. Fig. 9 (a) and (b) show that the efficiency tends to decrease as the output DC power increases. There are points of highest efficiency between 800 and 900 (W) of output DC power for two generator systems. It can be observed from these figures that the two generator systems are suitable for light loads while running at low speeds and for heavy loads while running at high speeds. Fig. 9 (c) shows the power generation efficiency of two generator systems at a speed of 1800 (min −1 ). For a light load, the efficiency of the proposed generator system is higher than that of the conventional generator system by about 1 %. When the output DC power exceeds 750 (W), the efficiency of the conventional generator system is much higher than that of the proposed generator system. We speculate that the difference is due to the armature reaction of stator currents.
C. Characteristics 1) Power generation efficiency:
2) Induced EMF: Fig. 10 describes the induced EMF due to stator windings. As the output DC power increases, the EMF decreases. The voltage drop of the EMF may be due to the armature reaction of stator currents. Since stator windings provide high inductance, the power factor of the stator is delayed. For a delayed power factor, the armature reaction results in demagnetizing. As a result, the induced EMF is small.
For the proposed generator system, the armature reaction has a significant effect on the EMF. Between 950 and 1200 (W) of output DC power, the mean voltage drop reaches 9 (V). In contrast, the mean voltage drop of the conventional generator system is around 3.7 (V).
3) Voltage ratio:
The ratio of output DC voltage to the induced EMF is depicted in Fig. 11 . If there is no overlap of stator currents, the ideal ratio (α c ) of the conventional generator system is calculated from Fig. 5 (a) :
where V d is the output DC voltage of the diode bridge rectifier, V p is the phase voltage of the stator, and V l is the line voltage of the stator. In the case of the proposed generator system, two output DC voltages (V d1 , V d2 ) of each diode bridge rectifier can be similarly derived from 
Thus, the ideal ratio (α p ) of the proposed generator system is
It is seen from Fig. 11 that the voltage ratio decreases as the output DC power increases. The reduction in the voltage ratio is due to overlap of the stator currents. When there is overlap of the stator currents, more than two diodes on the upper side or lower side of the three-phase diode bridge rectifier are conducting at the same instant. For example, when two diodes on the upper side are conducting, the positive electric potential of the output DC voltage is the middle potential of voltage applied to the conducting diodes with respect to the neutral point of the stator windings. Therefore, the output DC voltage is low.
The voltage ratio of the conventional generator system linearly decreases as the output DC power increases. Above 1200 (W) of output DC power, the voltage ratio is constant. For the proposed generator system, the voltage ratio also linearly decreases under 950 or 1000 (W) of output DC power. However, the voltage ratio is temporarily large between 950 and 1000 (W) or 1000 and 1050 (W). We speculate that the temporary increase is due to the armature reaction of stator currents. 
IV. CONCLUSION
Power generation characteristics of two generator systems are presented and discussed in this paper; simulation and experiments are performed with 2.2 (kW) PMSGs. The maximum power generation efficiencies of the two systems are almost the same. For a light load, the power generation efficiency of the proposed generator system is slightly higher than that of the conventional system. However, the conventional generator system has higher power generation efficiency than the proposed generator system for a heavy load. The difference in efficiency may be caused by the armature reaction of the stator currents. Pulsation of the electromagnetic torque and DC current is very small in the proposed generator system compared to that in the conventional generator system. The proposed generator system reduces the cost of smooth inductor in the boost chopper and generates minimal stress to the mechanical coupling. Simulation and experimental results reveal that the proposed generator system is suitable for operation at less than the rated power with frequency.
